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^ determining proportions of cement and mineral oxides required to provide a mixtuie having the determined composition; and defini ng 
a series of particulate materials of predetermined particle sizes and densities, comprising cement and mineral oxides in the determined 
jj^ proportions. 



wo 2005/040060 



PCT/EP2004/0121S9 



ffiGHTEMPHRA'mRE C3EME1SITS 

[0001] The present invention relates to cement compositions for high-temperature 
applications, and to methods for designing such compositions and to articles made from such 
compositions. In particiilar, the invention provides silico-aluminous modified Portland 
cement for high temperature applications and fire safely protection* 

[0002] WO 03/068708 describes tecliniques for producing cement compositions capable 
of withstanding relatively high temperatures, involving determination of the temperature to 
which the slurry will be exposed in situ; determination of a stable, thermodynamic equilibrium 
composition of a CaO-Al203-SiQ2^H20 (CASH) mineral system, analogous to the cement when 
set, at the determined temperature; determining proportions of cement and mineral oxides 
required to provide a mixture having the determined composition; and defining a series of 
particulate materials of predetermined particle sizes and densities, comprising cement and 
mineral oxides in the determined proportions* One suitable range of compositions falls in the 
]V[argarite- Quartz-pectolite region of the Si-Ca-Al (Na) phase diagram and optimizes early 
formation of Anorthite. Such compositions often involve the use of kaolin, metakaolin and/or 
calcination products of metakaolin, and are suitable for use at temperatures in the range 
250°C - 900°C. 

[0003] EP 0 922 013 proposes compositions suitable for certain high temperature 
applications which promote the formation of calcium hydro garnets fiom the series [Si04]Ca3M^, 
where Al (grossular) or ]M== Fe (andradite). 

[0004] WO 01/70646 proposes cement compositions to provide a cement matrix in the 
Si-Ca- Al triangle in one of the margarite-hauyne-[epidote/pumpellyxte], hauyne- 
prehnite[epidote/pumpellyite] and haiiyne-prehnite-pectolite composition triangles. Such 
compositions are proposed as suitable for use in conditions of elevated temperature and 
pressure (250°C - 300^C; 201^a). 
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[0005] Other approaches to the problen^ of high temperature cements can be found in 
US 4,642,137; US 4,877,452; US 4,935,060; US 5,158,613; US 5,900,053; US 6,143,069; US 
6,332,921; US 6,367,556; and US 6,488,763. 

[0006] EP 0 621 247 describes cement compositions having high solids content wliile being able 
to form stable slurries. WO 01/09056 describes the application of this technology to low density 
slurries. 

[0007] The degracktlon mechanisms of cement when exposed to hi^ temperatures are relatively 
well-known, and are addressed, in part, by the prc^osals sunimari2©d above. Up to 400'=*C, the main 
stable cement phases are l^drous. Thus, when presented with fast heating rates and very high 
temperatures and intensities (for example such as those foimd in hydrocarbon fires), such cements 
undergo spaUing caused by the explosive effect of the increase in pore water pressure generated by 
the dehydration of the minerals, and due to the saturation vapour pressure due to the inherent moisture 
content of the cement, hi such cases, major physical damage occurs to the cement, often leading to 
failure of the structure of which it is part. 

E0008] In the construction industry, the approach to heat resistance is often to use heat resistant 
aggregates in the cement in an attempt to stabilise Ifae set cement when es?cposed to veiy high 
temperatures. However, since the cement matrix is unchanged, the problems of degradadon and 
spalling still occur. 

[0009] The present invention seeks to provide new concrete formulations in which the 
conditions leading to degradation such as spalling at high temperatures is reduced or avoided. 

[0010] ha accordance with one aspect of the present invention, there is provided a cement 
composition comprising a mixture of cement and minerals contributing silicon, calcium and 
aluminium (with possible contribution of iron and magnesium) to the mhcture, wherein the 
composition of the mixture lies substantially in the [xonotlite/wollastonitej-grossidar-anorthite or 
grossular-anorthite-quartz triangles of the Si-Ca-Al phase diagram* 

[0011] Articles according to the invention comprise pre-cast units made firom a cement 
composition according to the invention and subjected to curing under elevated temperature. 

[0012] A method of designing a cement composition according to the invention comprises 
detennination of the temperature to which the composition wiU be e:xposed in situ; determination 
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of a stable^ thermodyoaimc equilibrium composition of a CaO-AkOa- Si02H20 (CASH) mineral 
system (with possible contibution of FeO and MgO) in the [xonoflite/woUastonitej-grossular- 
anorfhite or grossiilar-anoithite-quartz triangles of the Si-Ca-Al phase diagram, analogoijs to the 
cement when set, at the determined temperature; determining proportions of cement and mineral 
oxides required to provide a mixture having the determined composition; and defining a series of 
particulate materials of predetermined particle sizes and densities, comprising cement and 
mineral oxides in the determined proportions. 

[0013] Hie present invention resides in the recognition that rocks known as skams which are 
extremely stable at high temperatures and have compositions that are similar to those that can be 
obtained by combining cement and minocal oxides. Skams are roclcs resulting jSrom granitic 
magma intrusion inside carbonate layers. These high temperature conditions (500 - 700°C) 
combined with silicon and aluminum contribution, transform the initial mineralogy of carbonate 
layers into high temperature stable rocks formed by anhydrous calco^ilicates and calco-alumino- 
silicate, such as wollastonite, anorthite. grossular, diopside and idocrase^ with the remains of the 
initial formation carbonates in various proportions depending on the temperature reached. The 
present invention is based on the recognition that it is possible to obtani skam-like compositions 
by modifying tiie chemical composition of Portland cement by the inclusion of mineral oxides. In 
doing so, liie problems of the pervious technique are addressed since the cement matrix becomes 
heat resistant and so less susceptible to heat degradation. The invention also has the advantage 
that it can be implemented in a number of forms allowing pumping, spraying and formation or 
pre-cast articles* 

£0014] Compared to a Pordand cement the skam bulk composition is mainly characterized 
by and ahomina and silica enrichment. As skams can be considered as a high temperature stable 
model material, the Portland cement formulations are modified according to the invention by the 
addition of mineral oxides to reach the skam bulk composition. 

[0015] The proportions of cement and mineral oxides required to form a stable cement can 
be determined from general thermodynamic rules^ phase relations between minerals and fluids 
and minerals, activity models and homogenous and heterogeneous phase equilibria known and 
developed for natural silicon- and calcium-rich rock systems of various origin to predict the 
mineralogy and chemical behavior of Portland cements or derived compounds set in 
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environmeoits comparable to those encouatered in geological settings such in metamorphism. 
phitonism and volcanism, as has been proposed previously in WO03/068708 for olher cement 
compositions. Consequently^ for a compositional sj^tem close to the desired Si-Al-Ca system, 
the main targeted minerals are anorthite^ grossular (garnet) with as possible others minerals like 
wollastordte or other very high temperature anhydrous minerals stable at high temperature in the 
considered system like melilite, hi presence of iron and magnesium, mineral of the FeO-Fe203- 
MgO'-Ca0Si02-A12O3-H2O can appear in high temperature conditions like pyroxene of the 
diopside-hedenbergite or garnet solid-solutions as shown in Figure 1 . 

[0016] The method provides cement slurries or grout compositions tiiat promote anorfhite 
formation above 250°^ during the hydration of cement slurry, by adding specific modifiers 
containtQg aluminum and silicon in stochiometric proportions. If the set cement is heated at 
higher temperatures, up to 1200°Cs anorfhite, calcium rich garnet (grossular,) and 
woUastonite^ become Hio main stable binders of set cement as observed in some skams in 
hi^ temperature geological contexts. This process can be used to create temperature-resistant 
articles made firom cement in accordance with the invention. 

[0017] However, the physics of optimizing the packing between the different particles 
vs^d to modify^ Portland cement composition has to be mastered to control the final set 
cement permeability and density. The particle size distribution of each component is 
optimized to obtedn a high packing volume fraction and hence a high solids content to the 
composition* For example, the solid components can be provided in tiiree or more distinct 
particle size fi:^tions to optimize the amount of solids in the mixture. This techmque allows 
the use of large amounts of solids while making the slurry still easily pumpable. The methods 
described in EP 0 621 247 can be followed to achieve this* 

[001 S] Portland cement can conveniently be used as the hydraulic binder^ although other 
forms of cement of reactive hydraulic binders such as slag materials cau also be used, 
Cenospheres or other hollow particulate material of very low density (0.7 to 0.8 sg or lower) 
can be added to decrease the slurry density. The use of this hollow material allows the 
formation of a porous structeire permitting easier escape of vapor pressure when the 
temperature increases. These hollow particles also contribute to the modification of Portland 
cement bulk composition to reach the target formulation by virtue of their chemical 
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composition (typically being alumino-silicate materials). Silica flour and others aluminum 
modifiers can be also add to finally reach the desired bulk composition. 

[0019] As well as temperature-resistance, cement compositions according to the present 
iQvention can be provided which demonstrate considerably lower pH than conventional 
cements, i,e, as low as pH 8.5. Such cements caa be particularly useful in situations which 
encounter relatively low pH environments (e.g. pH <7) in which the highly basic nature of 
conventional cements can cause problems due to reactivity* 

[OO20] The present invention will now be described by way of examples, with reference 
to the accompanying drawings, in which: 

[0021] Fig 1 shows mineral phases known to be stable in natural calcium-rich systems 
plotted of in the CaO-AbOs-SiOi ternary diagram (H2O in excess, FeO and MgO possibly present); 

[0022] Figs 2a and 2b show certain stable mineral phases, examples of compositions of 
the present invention and comparative examples in the CaO-Al^Os-SiOa ternary diagram; 

[0023] Figs 3 shows the liquidus surface and compatibility relations of the CaO-A^Os-SiOa 
and CaO-]S/IgO-Si02 system for different assemblages; 

[0024] Figure 4 shows the liquidus surface in the CaO-A1203-Si02 system for an addition 
of 5% MgO; 

[0025] Figure 5 shows a plot of the strengliis of the cement compositions according to the 
invention compared to those of prior art cements; 

[0026] Figures 6-18 show photographs of cement samples after being subjected to various 
temperatures over periods of time; and 

[0027] Figures 19-29 show micrographs of various cement samples. 

[0028] Fig. 1 shows mineral phases known to be stable hi natural calcium-rich systems 
plotted of in the CaO»Al203-SiO2 ternary diagram (H2O in excess, FeO, Fe203 and MgO 
possibly present). These comprise: 

- anhydro-us mineral stable at high temperature: xonotlite/woUastonite, grossular (and the 
ahnandm-andradite-pyrope solid solution), anorthite, melilite, Lamite (clinker phase); 
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- moderately hydrous minerals stable at medium temperature: wairaMte, prehnite, epidote, 
margarite, vuagnatLte, portlandite; 

- conventioiial phase encountered in cement when submitted to low and medium temperature 
conditions: truscotite/bredigite, tobeimorite, C2HS; and 

- low and high temperature minerals firom the Fe-Mg-Si-Al-Ca system projected in the Si-Al-Ca 
plane and liable to appears if Fe and Mg are present: truscotite/bredigite, diopsideflhedenbergite, 
merwinite, vesuvianite, melihte. 

Class G cement is also plotted for reference. 

C0029] Figure 2a shows possible stable phase relations in the considered system for 
different temperature conditions such as the wairakite-grossular-anorthite assemblage (X) stable 
at moderate temperature conditions (250-350°C) and the wollastonite-grossular-anorthite (Y) 
and quartz-grossular-anorthite (Z) assemblages stable in high temperature conditions 350- 
900°C; and woUastonite-meUUte-anorthite assemblages stable at higher temperature conditions 
up to 120O°C (W). Figure 2b plots tested, formulations #2, #3. #4 and #5 with respect to 
assemblages X, Y and Z. 

[0030] Figure 3 shows the liquidus surface and compatibiUly relations of the CaOA1203- 
Si02 and CaO-MgO-Si02 systems showing Ihe temperature of the appearance of the last melting 
in the solid for different assemblages(after phase diagrams for Ceramist: American Ceram. Soc. 
1956, 1964, 1969 in Slag Atlas 1995 Verlag StaHleisen GmbH, D-Dusseldorf). The pure 
anor&ite melting point is located at 1265°C while the firslmelting in the solid appeal's at 1 170°C 
fi)r silica rich compositions (cristobalite-woUastonite-anormite assembla^) and 1265 "C for 
more alumina rich compositions (anorfhite-melitite feehlimte)-wollastomte assemblages) 
compatible -with the more aluminous cemeots compositions shown figure 2. 

[003 1 ] Figure 4 shows the effect of an adding of 5% in weight of MgO in the system CaO- 
A1203-SiO2 and the resulting change in mineralogy along the Liquidus (after Cavalier, Sandieo- 
Dendon 1960 ia Slag Atlas 1995 Verlag Stahleisen GmbH, D- Dtisseldorf). 

[0032] Figure 5 shows the strengths of the new modified Portland cement according to the 
invention csompared to the ones obtained with high-aiumina cement concretes made with 
arwarfhosite aggregates, as a fimdion of temperature. The cement according to the invention. 
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■without aggregates, shows an equivalent tend^cy for temperattrres up to 500*^0 than the concrete 
already optimized for high temperature application in the construed on using temperature-resistant 
aggregates* 

£0033] Various cement blends are prepared to demonstrate the present invention.Table 1 
summarizes the blend composition (ratio Si/Al/Ca), the slurry density, the water/cement ratio and 
the solids volume fiaction (porosity). All slurry properties are measured as per API 
specifications (API Recommended Practice for testing OU-Well Cements and cement Additives 
C1990) API Spec. 10 Fifth Edition (07.01.1990)). The compositions of blends #0. #2. #3. #4 and 
#5 in the quaternary system (CaO- Si02-Al203-H20) are shown in Figure 2b. 



Table 1: Properties of the slurries 



No. slurry 


um 


#3 


#4 


#5 


#2 


Ratio Si/A^Ca 


47/3/50 


51/13/36 


48/20/33 


50/30/20 


44/32/24 


Density (jg.cm"^ 


1.84 


L49 


149 


L49 


IJ4 


Water/Cement ratio 


0.5 


0.79 


0.72 


0,86 


134 


SoKds Volume 
Fraction % 


41 


54 


59 


55 


41 


Free Water 


0 


0 


0 


0 


0 


Blend 


Cement 
Silica flour 


Cement 
Silica flour 

Cenospheres 


Cement 
Silica flonr 

Cfenosphejpes 

Aluminum 

modifier 


Cement 
Silica flour 

Cenospheres 

Aluminum 

modifier 


Cement 
Silica flour 

Aluminum 
modifier 



[O034] The slurries are mixed following the API procedure. Mixing is done in a Watring 
Blender. All solid components are dry blended before being added to the water 
containing Ihe liquid additives. 

[0035] Once the slurry design has been optimized, samples are prepared for curing by 
pouring the mixed slurry into a 5cm x 5cm x 5cm steel molds. Five cubes are prepared for 
each formulation. The molds containing the slurries are cured for three days at 150°C over 21 
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MPa in a standard oil well cement-ciuing chamber in water. The temperature is gradually 
increased to 300°C over a 6-8 hour heat up period, to minimize possible cracking of the 
samples dne to thermal expansion. The temperature is maintained at 300''C over 21 MPa for 
5 or 28 days, after which the system is allowed to cool down to room temperature. Samples 
are then removed, kept under water at room temperature before being tested for the following 
physical property measurements. The Uniaxial compressive strength is performed on 2.5 x 5 
cm cores in using a load frame. 

[0036] Samples are also cured in high temperature refractory furnace at different 
temperatures np to 1200°C, In order to demonstrate the benefits of the present invention, two 
compositions are selected having substantially the same density, same particles and similar 
porosity: 51/13/36- #3 (comparative example) and one close to the recoromended 
compositions, and 48/20/32- #4 (present invention), Mmeralogical examination is carried out 
by x-ray powder diffraction using CuKa radiation. Scanning Electron Microscope images are 
used to describe morphologies of reaction products and to complete the XRD analysis. 



[0037] The results of the mineralogical composition of the different samples are presented 
in the following table 2. 



Fomiidatian Number 


#0 


m 


#4 


#5 


#2 


Ratio Si/AI/Ca 


47/3/50 


51/1356 


48/20/32 


50/30y20 


44/32/24 


Density gfcm^ 


1^ 


1/19 


1,49 


149 


1.73 


Aiununum modifier type 






A 


B 


B 


B 


Xonotljte 


nil 


-H-hf 


-f 


e 


s 


8 
















Anorthite CaAl2Si20B 




£ 


-H- 








TruscotLte 








+ 






Wairakite 














Quartz Si02 










£ 


e 


Conindum IL1AI2Q3 














Compressive Strength 














(MPa,psOat300'=*C 














after 5 days 


13.5 (1960) 






38(3147) 


38(5511) 


lLi(1610) 


after 28 days 


32(4600) 


17.3(2500) 


14.5(2100) 


18(2600) 


18(2600) 





H - I - + Prevailing phase; -HH- phase in appreciable amount; +-h phase in fairly good amount; + 
phase in small amount 
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[O038] The set cement cores &om blends #3 and #4 are cuted one monfh at 300 are flien 
cut as smaller samples and cured in high temperature furnace. The set cement sample firom 
blend #4 has been, observed and analyzed by XRD and SEM (Xray analysis and BSE imaging) 
after different curing durations, Figures 6-1 8 are photographs of flie set cement from the two blends, 
#3 and #4 after curing at 300 °C (58 days), 600 °C (9days), 750 °C (30 days), 900 (9 days) and 
1200^C (9 days) are presented. 

[O0393 Figures 6 and 7 show #4 and #3 after 58 days at 300 For the system #3, cracks 
and many deleterious signs are well observed after 2 months at 300 °C in the refractory 
furnace. For the new system from the slurry #4, integrity is maintained- 

[O040] Figure 19 is a micrograph of a thin section cut in the set cement from blend #4 
after 58 days at 300°C, showing general high porosity^ cenosphere relics and anorfhite as 
nnain binder forming the wall of cenospheres and the matrix. Figure 20 shows details of this 
micrograph showing an anorfhite cenosphere and assemblage anorthite-gamet (grossular- 
aiadradite) growing inside wairakite crystal relic. Figure 21 is a close-up on anorthite 
overprint inside wairakite crystal* 

EO041] Figures 8 and 9 show corresponding samples after 9 days at 600 °C. The set cement 
sample #4 is cut again with a small saw. Very consistent slices are obtained and no sign of 
degradation is observed even after one week at 600 °C (Fig 8). Anorhtite and garnet are the main 
binders and wairakite disappears. Figure 22 is a micrograph showing garnet in the set cement matrix 
after one week at 600 ^C, For #3, the set cement sample is completely disintegrated and friable 
axid it is not possible to saw it as it has been done with #4 (Fig 9). Figures 10 and 1 1 show 
corresponding samples .after 9 days at 750 °C. Again, #4 maintains its integrity, unlike #3, 

[0042] Figures 12, 13 and 14 show corresponding samples after 9 days at 900 '='C, Figure 12 
show the entire sample #4 and Figure 13 the sample after cutting. The sample maintains good 
integrity and can be cut without splitting. Anorfhite and wollastonite remain the main binders, 
and garnet is still present Figures 23 and 24 show a micrograph, (BSE imaging) of a thin section 
cut in set cement from blend #2 after 9 days at 900 °C showing anorfhite in set cement matrix and 
in the wall of hollow microspheres (Fig, 24). Figures 25 and 26 show close-up (SE imaging) of 
some hollow microspheres in the same sample constituted by a pyroxene of the hedenbergite- 
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diopside solid-soiution. Figure 14 shows #3 which has many aracks and deterioration signs and 
color variations. 

[0043] Figures 15 and 16, and 17 and 18 show corresponding samples after 9 days at 
1200 Figures 15 and 1 6 show lhat the sample #4 maintains its integrity with a high hardness 
despite of some signs of melting and some size reduction. Anorthite is still the main binder. 
Wollastonite and garnet grossular are also observed together with glass. Figure 27 is a 
micrograph (SE imaging) of thin section of set cement from blend #4 after one week at 
1200 showing the hollow sphere relics and the good remaining integrity of the new 
formulation even at 1200 °C. Figure 28 is a micrograph (SE imaging) showing anorthite and 
glass in fiie matrix with a wollastonite crystal (stars are artifacts due to the sample preparation 
for SEM examination).) As predicted, the jfirst melting appears in this sample heated one 
week at 1200 ^^'C. Figure 29 shows gamet-grossular crystal at the surface of the sample and 
covered by anorthite crystals covered in glass. Figures 17 and 18 shows sample #3 severely 
damaged due to melting after 9 days at 1200 ""C. 

[00441 The composition of cements according to the present invention between 300 and 
1200 °C is mainly anorthite* At 300 ^'C, anorthite is the main binder with wairakite present with 
the initial aluminum modifier. The presence of wairakite is related to the reaction kinetic due 
to the aluminitm modifier reactivity* 

[0045] The very high temperatures curing performed in air inside a refractory furnace and 
shows the good stability of the compositions according to the invention even at very high 
temperature. This stability is principally due to the presence of anorthite which is known to 
begin to melt only at around 1265 

[0046] The present invention provides mixable lightweight formulations having good 
mechanical properties which can use conventional Portland cement for temperatures up to 
1200*^0 and more if modified using the former rules. As these formulations are based on 
conventional Portland cements good workability can be obtained using techniques widely 
found in the constmction and well cementing industries. Also, parts can be precast using 
known techniques* 
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CLAIMS 

1. A heat-resistant concrete comprising aggregates embedded with a cementing matrix 
based on Portland cement and on mineral additives contrxbnting silicon^ calcium and 
aluminum oxides, so that the mineral composition of the matrix mixture lies in the 
[xonotlite/wollastonite]-grossular-anorthite triangle or in the grossular-anorftdte-quartz 
triangle in the Si-Ca-Al phase diagram, so that the formation of anorthite is promoted 
when the set concrete is exposed to tempeiratures between 250**C and 1200°C. 

X The concrete of claim 1 ^ wherein the mineral composition of the matrix mixture lies in 
the area oveorlapping both the [xonotiite/wollastonitej-grossular-anorthite triangle and the 
grossular-anorthite-quartz triangle in the Si-Ca-Al phase diagram^ 

3 . The concrete according to any of claims 1 to 2, wherein the aggregates are heat-resistant. 

4. The concrete according to any preceding claims, wherein the mineral additives further 
contribute iron and/or magnesium, 

5. The concrete according to claim 4, wherein the cumulative amoxmt of iron oxides and of 
magnesium oxides is between 1 and to 5% of the total weight of the mineral 
composition. 

6. The concrete according to any preceding claims wherein all solids constituting the 
cementing matrix are provided in at least tiiree distinct particle size fractions in volume 
ratio such that the packing volume fraction of the soHds is optimized. 

7. The concrete according to any preceding claims, wherein at least part of the mineral 
additives is added mder the form of alumino-silicate hollow spheres to favor escape of 
vapor pressm-e when the concrete is submitted at high temperature. 
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FIGURE 1 
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FIGURE 2a 
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FIGURE 2b 
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FIGURE 4 
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FIGURE 9 
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FIGURJE 10 
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FIGURE 14 
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FIGURE 17 FIGURE 18 
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FIGURE 22 
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FIGURE 29 



